Introduction {#sec1}
============

Hybrid halide perovskites are currently among the most studied emerging solar cell materials, with reported device efficiencies well over 20% within 10 years after the first demonstration of a halide perovskite-based cell.^[@ref1]−[@ref3]^ Hybrid halide perovskites consist of a general ABX~3~ structure, where B is a doubly charged metal ion such as lead or tin and X is a halide anion. A is a singly charged cation that in the case of hybrid perovskites is an organic ammonium compound such as methylammonium (MA) or formamidinium (FA). The metal and the halide ions together form an inorganic octahedral lattice with cages that are filled by the organic cations. The most common organic cation, methylammonium, has an asymmetric charge distribution resulting in a net dipole moment. At room temperature, the dipolar MA cation can rotate almost freely inside the metal halide lattice. This leads to a high dielectric screening compared to halide perovskites with nondipolar cations such as Cs^+^.^[@ref4]^ It has also been proposed that the dipolar nature of MA plays an important role in the optoelectronic properties of hybrid halide perovskites, for instance through the formation of ferroelectric domains that promote formation of free charges on photoexcitation or through polaronic effects that enhance the charge carrier lifetime.^[@ref5],[@ref6]^ The rotational freedom of MA has been found to be highly dependent on temperature, and specific phase transitions are known to occur. For instance, methylammonium lead iodide (MAPI) has a cubic structure at temperatures above 330 K, in which the MA can rotate freely. Between 170 and 330 K a tetragonal phase is formed, in which the rotational motion is somewhat restricted. At temperatures below 170 K an orthorhombic phase is present where the rotational motion is fully absent.^[@ref7]^ In previous experimental work we have shown that the rotational freedom of the organic cation has a direct effect on the mobility and recombination kinetics of charges in MAPI.^[@ref8]^ Therefore, the rotational dynamics of organic cations in hybrid perovskites has received considerable attention, both experimentally and theoretically.^[@ref9]−[@ref12]^ However, the relation to the phase behavior and its effect on the optoelectronic properties of hybrid halide perovskites are not fully understood.

Most of the previous work has focused on the rotation of the MA ion in MAPI as this is the most investigated of the hybrid perovskites in solar cells. Experimentally, this includes solid-state NMR measurements,^[@ref9]^ single crystal X-ray measurements,^[@ref13]^ Raman spectroscopy,^[@ref13]^ and quasi-elastic neutron scattering.^[@ref10]^ Theoretically, Monte Carlo simulations have been performed^[@ref5],[@ref14]^ as well as density functional theory studies^[@ref15],[@ref16]^ and both *ab initio* molecular dynamics^[@ref17]−[@ref19]^ and model potential molecular dynamics.^[@ref12],[@ref20],[@ref21]^ Most of these studies agree that at high temperatures the MA ion rotates freely without forming any ferroelectric or antiferroelectric domains, while below a certain phase transition temperature an orthorhombic phase is formed where the dipole rotation is frozen. The cause and effect relationship between the dipole dynamics and the phase transition is not fully understood. While most argue that the transfer to orthorhombic phase is the source of the restricted motion of the MA ions, some have suggested that the deformation of the lead iodide cage is caused by formation of ordered domains of dipoles at low temperatures.^[@ref15]^

For formamidinium lead halide perovskites (FAPI) there is a lot less information. The FA cation is larger than MA, which may restrict its rotational motion by steric interactions. It also has an almost negligible dipole moment, and it contains two nitrogen positions including hydrogens that can form hydrogen bonds with the lead iodide cage. FAPI exhibits a high-temperature cubic perovskite structure^[@ref22]^ and a low-temperature structure with octahedral tilting.^[@ref23]^ Carignano et al. have performed *ab initio* molecular dynamics simulations on FAPI and reported that at high temperatures there are preferential alignments of the FA ion due to hydrogen bonds with the cage.^[@ref24]^ They also concluded that FA rotates preferentially around the N--N axis, which has later been supported by other studies.^[@ref23],[@ref24]^ Weber et al. reported that FA shows a certain ordering at low temperature where they align perpendicular with respect to their nearest neighbor due to the angle tilt of the cage.^[@ref25]^

The time scale of the reorientation of the organic cation has been studied both theoretically and experimentally for both MAPI and FAPI with varying conclusions.^[@ref26]^ Experimentally, methods such as neutron scattering experiments, two-dimension infrared spectroscopy, and solid-state NMR have been employed, giving time scales of reorientation for MA ranging from 1.7 to 108 ps at room temperature^[@ref5],[@ref9],[@ref11],[@ref23],[@ref26]−[@ref29]^ and 2.8 to 8.7 ps for FA under the same conditions.^[@ref23],[@ref26],[@ref29],[@ref30]^ A few papers have studied both MAPI and FAPI and therefore given a direct comparison of the time scales. Fabini et al. found time scales of similar magnitude for MA and FA, 7 and 8 ps, respectively.^[@ref23]^ Kubicki et al., on the other hand, found FA to reorient much faster than MA, 8.7 and 108 ps, respectively.^[@ref29]^ Theoretically molecular dynamics simulations have also been performed to investigate the motion of the organic cation, either by *ab initio* dynamics or by using classical force fields. From such simulations a reorientation time of ∼7 ps has been obtained for MA at room temperature^[@ref17],[@ref19],[@ref21]^ and values of 4.3 ps^[@ref24]^ and 8.8 ps^[@ref25]^ for FA under the same conditions.

In this article we have studied the relation between the reorientation dynamics of MA and FA in MAPI and FAPI and their phase transition behavior. Apart from just performing full molecular dynamics simulations, we have also performed a series of model calculations to clarify the role of specific interactions in the system. These model calculations include on-lattice Metropolis Monte Carlo simulations to study domain formation in a system with only dipole--dipole interactions and molecular dynamics simulations with a frozen cage. Together, these calculations give a new picture of the origin of the structural phase transitions in hybrid perovskites, which shows that they are caused by an interplay between dipole--dipole interactions, specific (hydrogen bonding) interaction between the organic cation, and the inorganic cage and deformation of the metal halide cage.

Methods {#sec2}
=======

Molecular Dynamics {#sec2.1}
------------------

The molecular dynamics (MD) simulations were performed on a supercell of 10 × 10 × 10 unit cells with periodic boundary conditions for MAPI and FAPI. The system size was chosen to access better statistics and independence of motion of dipoles in different parts of the system. The initial configuration was selected as cubic for both MAPI and FAPI with a lattice constant of 6.21 Å for MAPI and 6.36 Å for FAPI as observed experimentally at higher temperatures for both of these materials.^[@ref5],[@ref22]^ The force field for the interatomic potentials was adopted from the work of Mattoni et al.^[@ref12]^ The interactions in the force field are defined in the form of three components: (i) inorganic--inorganic (*U*~ii~), (ii) inorganic--organic (*U*~io~), and (iii) organic--organic (*U*~oo~) interactions. The *U*~ii~ and *U*~io~ are nonbonded interactions which are defined in terms of Buckhingam and Lennard-Jones parameters that take into account electrostatic and van der Waals interactions, respectively. *U*~oo~ interactions are defined as bonded interactions with parameters for bond stretching, angle bending, and dihedral rotations for the organic cations. We obtained these parameters from the CHARMM force field using the SwissParam tool.^[@ref31]−[@ref34]^ MD simulations were performed using the LAMMPS molecular dynamics simulation package.^[@ref35]^ The equations of motion were evaluated by using time step of 1 fs and a cutoff of 17 Å for Lennard-Jones interactions and 18 Å for the Coulombic interactions. Simulations were performed in a sequence of three steps in which first step was annealing of the system with an initial configuration of ordered orientations of MA/FA molecules. The annealing was performed from a higher temperature to the temperature required for the system over 3 ns. The second step was the equilibration of the system at the required temperature until the energy of system comes to an equilibrium. The third step was the production run from which a trajectory file covering 100 ps was obtained. The rotational dynamics of the organic cations in MAPI and FAPI was analyzed by examining the rotation-autocorrelation function, *C*(*t*), as defined in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} in terms of the dipole vectors μ~*i*~ of the MA and FA cations. For MA this vector coincides with the C--N axis, while for FA it is along the C--H bond.This autocorrelation function gives a measure of how fast the orientations of the organic cations change with time. By definition, *C*(*t* = 0) = 1 and decays to zero on average once the direction of the dipole has become completely random.

Monte Carlo {#sec2.2}
-----------

The Metropolis Monte Carlo (MC) simulations were performed on a system consisting of 20 × 20 × 20 dipoles on a fixed grid with periodic boundary conditions. A cubic structure is assumed for all temperatures with a lattice constant of 6.29 Å. The only energy considered in the simulation is the (electrostatic) dipole--dipole interaction given by [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}. In this equation, *p~i~* and *p~j~* are the dipole moment vectors for both dipoles considered, *r* is the distance between the dipoles, and *n̂* is a unitary directional vector between the two dipoles. The permittivity of a vacuum is assumed, ignoring any dielectric screening. This will lead to some overestimation of dipole--dipole interaction compared to physical systems. Only interactions between dipoles that are within three lattice distances of one another are considered. This is a reasonable assumption since the interaction energy is inversely proportional to the third power of the distance. The simulations were performed for both MA and FA dipoles at temperatures ranging from 100 to 350 K with a 10 K interval.

Domain Detection {#sec2.3}
----------------

The domain detection aims to quantify how ordered or disordered the organic cations are at various temperatures in the MC and MD simulations based on dipole--dipole interaction. It does so by ordering all the dipoles in a simulation snapshot on a fixed grid and choosing a random dipole in the system. This dipole is the first dipole in the first domain. Next we evaluate which, if any, of the six closest neighbors of the dipole belong in the same domain. This is done by comparing the orientations of those dipoles with the orientations that would minimize the dipole--dipole interaction energy between each of them and our first dipole. If their orientation is close enough to this minimum-energy alignment, they are added to the domain. The domain is then allowed to grow by evaluating the neighbors of the dipoles that were added to the domain. When all appropriate dipoles have been added to the domain, the process is repeated considering all the dipoles in the system that have not been assigned to a domain. Finally, when all the dipoles have been assigned to a domain, the average domain size is calculated. A large average domain size will then represent a more ordered system than a small one.

Results and Discussion {#sec3}
======================

Molecular dynamics and Monte Carlo simulations were performed for both MAPI and FAPI, and we have subdivided the discussion in two parts. First we discuss the dipole dynamics and phase transitions in MAPI, after which we turn to FAPI. The results in both materials are compared and some general conclusions are presented after these sections.

Methylammonium Lead Iodide (MAPI) {#sec3.1}
---------------------------------

From the molecular dynamics simulation of MAPI, a trajectory of 100 ps is obtained after equilibration of the system. The rotation-autocorrelation function over these 100 ps, averaged over the 1000 MA dipoles in the system, is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a for temperatures between 100 and 350 K. The rotation-autocorrelation plots show the randomization of the direction of the dipole moments with time.

![(a) Rotation autocorrelation of the dipole direction averaged over 1000 dipoles for MA cations in a flexible lead iodide cage at temperatures ranging from 100 to 350 K. (b) Rotation autocorrelation of the dipole direction averaged over 1000 dipoles for MA cations in a frozen lead iodide cage at temperatures ranging from 100 to 350 K.](jp-2019-027363_0001){#fig1}

At lower temperatures (100--250 K) the autocorrelation plots show a different trend than those at higher temperature. After an initial rapid decay, an almost constant value is obtained, indicating that no full randomization of the dipole direction occurs on the time scale of the simulations. The rapid initial decay corresponds to a wobbling-like motion where the dipolar molecule can move around in a cone but does not have enough rotational freedom for complete reorientation. The more pronounced initial decay at 150 and 200 K, as compared to that at 100 K, indicates that the cone in which movement takes place widens with temperature. To quantify the time scale of dipole relaxation times, the autocorrelation curves were fitted with a biexponential function given in [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}. *A*~1~ and *A*~2~ are the amplitudes of the two decay components characterized by the decay times τ~1~ and τ~2~. The two time constants can relate to different processes, e.g., the in-place wobbling motion and the full reorientation mentioned in the introduction. The parameters from fitting [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.At temperatures of 250 K and lower, two very distinct time scales are found from the biexponential fit: a fast one that is typically on the order of 2.5 ps and a very slow one that exceeds the time scale of the simulations. The fast initial decay corresponds to the in-place wobbling of the MA dipole, while the long-time decay corresponds to the full reorientation. The long-time decay constant of 450 ps and longer for these temperature indicates that the dipole orientation is virtually fixed on the time scale considered. Above 250 K the rotation-autocorrelation curves completely decay to zero within ≈5 ps. This indicates that at this temperature range MA dipoles have full rotational freedom and behave almost liquid-like. At these temperatures the decay of the autocorrelation can be described with a single-exponential function with characteristic time constants of 0.5--2.0 ps. It is interesting to note that at these temperatures no distinction can be made between the wobbling motion and full reorientation. If the 300 K time constant is compared with previous experimental and theoretical work, the full reorientation is slightly faster than in most cases but is still of the same order of magnitude.^[@ref26]^ These slight difference can be caused by shortcomings of the MD force field to describe the exact temperature behavior of the structure. The observed changes in rotational dynamics with temperature agree with experimentally observed phase dynamics and with earlier molecular dynamics simulation.^[@ref9],[@ref27],[@ref36]^

###### Rotation-Autocorrelation Decay Time Constants for MA (in picoseconds) Obtained after Fitting the Decay Curves in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} by Using [Eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}[a](#tbl1-fn1){ref-type="table-fn"}

        flexible cage   frozen cage                   
  ----- --------------- --------------- ------------- --------------
  100   0.12 (0.03)     \>1000 (0.97)   0.42 (0.23)   38.75 (0.77)
  150   2.26 (0.10)     \>1000 (0.90)   1.23 (0.35)   9.54 (0.65)
  200   2.62 (0.25)     739.27 (0.75)   0.27 (0.30)   3.10 (0.70)
  250   2.52 (0.78)     455.57 (0.22)   1.03 (1.00)    
  300   0.46 (0.25)     2.00 (0.75)     0.63 (1.00)    
  350   1.01 (1.00)                     0.43 (1.00)    

τ~1~ corresponds to the faster decay time, whereas τ~2~ corresponds to the slower decay time constant.

While the molecular dynamics simulations successfully describe the phase behavior in MAPI, at least qualitatively, the details of the relation between the dynamics of the MA cations and the phase transition are not fully clear. We have identified three possible effects that can play a role in this. The first is the deformation of the Pb--I cages. The reduced rotation of MA at low temperatures can be caused by the deformation of the cages, or the reduced dipole rotation causes the deformation itself. The second effect is the interaction between the different MA cations in the system, which can lead to ordered domains with restricted rotational dynamics at low temperature. Finally, the third effect is related to specific interactions between the MA cation and the Pb--I cage structure, for instance, hydrogen bonds between the ammonium and iodide ions. To clarify the importance of these three effects, we have performed a series of model simulations that are outlined below.

Effect of Cage Deformation {#sec3.2}
--------------------------

To establish the importance of the deformation of the Pb--I framework on the rotational dynamics of the MA ions, we have performed model calculations in which the positions of Pb and I are frozen in the initial cubic conformation. In this way we can obtain insight into the motion of the organic cations in the presence of specific interactions with the Pb--I cage and interactions with different organic cations, but in the absence of deformation of the cage. As evident from [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, the rotation-autocorrelation function decreases faster than for a flexible cage. The decay time of the autocorrelation function decreases uniformly as the temperature is increased from 100 to 350 K. No sudden change is observed in the rotation time at 200 K for the frozen cage. This shows that the rotational motion of the organic cation is highly influenced by deformation of the Pb--I framework, especially at low temperatures.

Effect of Dipole--Dipole Interactions {#sec3.3}
-------------------------------------

The second specific interaction we look at is dipole--dipole interactions between the MA ions. To investigate to what extent these interactions affect the alignment of MA, we have performed MC simulations at various temperatures. In these simulations only the dipole--dipole interaction energy is taken into account. Therefore, any formation of organized domains observed is solely due to these electrostatic interactions between MA ions and not because of cage deformation or, for instance, hydrogen bonding with iodide. A convenient way to quantify the alignment of the MA dipolar ions with respect to each other is to look at snapshots of the simulations and divide all the ions into domains based on close range dipole--dipole interactions. A large domain then represents a certain long-range ordering of dipoles. In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a the average domain size in the MC simulations is plotted versus the temperature. As these systems only depend on the dipole--dipole interaction energy, lowering the temperature forces the dipoles to align more optimally with the other dipoles and especially their closest neighbors. This results in an exponential increase of average domain size as the temperature approaches 100 K, while at higher temperatures the systems is rather disordered as indicated by the smaller average domain size. This can be interpreted as a phase transition of sorts; at the temperature where *k*~B~*T* becomes comparable to the dipole--dipole interaction energy the ions align together due to their interactions with one another.

![Average domain size vs temperature for methylammonium dipoles simulated with (a) Monte Carlo only considering dipole--dipole interaction, (b) molecular dynamics with frozen lead iodide cage, and (c) molecular dynamics with flexible lead iodide cage.](jp-2019-027363_0002){#fig2}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b shows the same domain detection analysis on the MA ions in the MD simulations with a frozen cage. By comparing this to the simulations that only consider dipole--dipole interaction, we gain insight into the relative importance of the dipole--dipole interactions when specific interactions with the Pb--I cage are also taken into account. The frozen cage MD simulations show a similar trend in domain growth as the MC simulations. The increase in average domain size is, however, a lot smaller in this temperature range. This shows that with a surrounding cage the MA ions are still affected by interaction with one another at low temperatures. However, the effect is less pronounced because specific interactions between the MA and the cage also play a role here.

To complete the comparison, we show the average size of domains of MA ions in the flexible cage MD simulations as a function of temperature in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c. These systems show a different behavior compared to the other two. First of all, the increase of the average domain size occurs at higher temperatures. Between 250 and 200 K there is an abrupt increase in the average domain size, whereas for the other systems a notable increase was not seen until at roughly 150 K. Furthermore, the nature of the increase is different compared to the MC system. In the case of the flexible MD simulations we do not observe a gradual exponential increase but instead an abrupt linear increase that seems to start saturating at the lowest simulated temperature. These differences are comparable to the difference we saw between rotation-autocorrelation plots for the flexible- and frozen-cage MD simulations. In the autocorrelation decays, an abrupt step was seen between 200 and 250 K for flexible Pb--I cages, resulting in less reorientation of the methylammonium ions at the lower temperature. This was not seen in the case of the frozen cage.

Effect of Specific Interactions between MA and Cage {#sec3.4}
---------------------------------------------------

Having investigated the effect of cage movement and dipole--dipole interaction, the final step is to understand the role of specific interactions between the lead iodide cage and MA ion. To achieve this, we have analyzed the MD simulations above in more detail, paying specific attention to the directions of the MA ions in a single system with respect to the lead iodide cage. This is done by plotting scatter plots with all MA directions obtained from a single simulation snapshot. Each point is then the direction of a single ion represented in its azimuthal and polar angles. We do this to observe whether certain ion directions within the cage become more prominent than others as the temperature is changed. Two different colors are used for the points to evaluate whether there is a difference between the neighboring layers in the system. Odd number layers are portrayed by blue points, and even number layers are indicated in red. In these figures, the stars represent the directions that correspond to an MA ion pointing directly toward an iodine molecule in a cubic cage. These plots are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} for both MD simulations with flexible and frozen cage at 100, 200, and 350 K. Similar figures were made for the other simulated temperatures and for the dipole--dipole MC simulations; these figures can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b02736/suppl_file/jp9b02736_si_001.pdf). For the MC simulations there is no preferred MA orientation visible at any temperature. This is not surprising as there is no cage to affect the orientation of the MA ions. So even though the MA ions start to align favorably with one another at low temperatures and form domains, they do not necessarily align all in the same direction. A similar trend has been seen before in a two-dimensional Monte Carlo study, where very low temperatures where needed to align all the MA ions in a certain way.^[@ref14]^

![Orientations of all methylammonium dipoles in a single molecular dynamics system given in their polar and azimuthal angle: (a--c) frozen cage at 100, 200, and 350 K and (d--f) flexible cage at 100, 200, and 350 K. The stars in the figures represent the orientations where the dipole is oriented directly toward an iodine.](jp-2019-027363_0003){#fig3}

[Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a--c show the directional ordering for the frozen-cage MD simulations at 100, 200, and 350 K. At 350 K the alignment of the ions is random over the spherical surface; the reason for higher density at central polar angles is that this is a spherical surface projected on a rectangular graph. As the temperature is lowered to 200 K a structure emerges, with some orientations becoming more prominent than others. At 100 K this is even stronger. Surprisingly, the most common orientations are not directed toward iodines, as one would expect if the MA forms hydrogen bonds with the iodine. Furthermore, no difference is seen between different layers in these simulations.

[Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d--f represent the flexible cage MD simulations at 100, 200, and 350 K. Again the alignment is random at 350 K, and a more organized structure is formed when the temperature is lowered. In this case, however, the effect is much more pronounced with the ions aligning all in the same plane at the lowest temperature and each adjacent layer aligning antiparallel to its neighbor. Within each layer there are two main orientations, both where one would assume a hydrogen bond is formed. This is in agreement with previous *ab initio* and model potential molecular dynamics studies were same alignment was seen and attributed to the low temperature orthorhombic phase.^[@ref12],[@ref14]^

To get some insight into the dynamics of the specific interaction, we have analyzed the time scale on which the hydrogen bonds are broken. In this case we consider a hydrogen bond to occur when the distance between a hydrogen and an iodine is \<3 Å. These hydrogen bond lifetimes are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b as a function of temperature. It is clear from this figure that the time that hydrogen bonds exist in MA is very short, except at 100 K where a lifetime over 10 ps is obtained. This is consistent with the large degree of rotational freedom discussed above; even if the general direction is frozen, the wobbling motion still allows a considerable freedom for the MA to move around.

![(a) Hydrogen bonds formed in MAPI and FAPI between the hydrogens of amine group and iodide atoms of the cage. (b) Hydrogen bond lifetime in picoseconds averaged for the hydrogen bonds formed for MAPI and FAPI.](jp-2019-027363_0004){#fig4}

Formamidinium Lead Iodide (FAPI) {#sec3.5}
--------------------------------

In a similar way as for MAPI, full molecular dynamics simulations were performed for FAPI. A trajectory of the FA cations is obtained over 100 ps after equilibration of the system. The rotation-autocorrelation function averaged over the 1000 FA dipoles is shown as a function of time in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a. The simulations were performed at temperatures starting from 100 to 350 K in steps of 50 K. The trends observed for FAPI exhibit substantial differences compared to those presented above for MAPI. The decay of the autocorrelation function shows a more gradual variation with temperature, indicating that in the same temperature range no strong phase transitions are observed. At 300 and 350 K the rotation time for FA is larger than for MA, as can be seen in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. This contradicts some of the previous experimental and theoretical work where the rotation time for FA was of similar magnitude or smaller than for MA.^[@ref23],[@ref29],[@ref30]^ However, the rotation time at 350 K is already a lot faster, implying that these differences could be a result of shortcomings in the force field, as already mentioned above. To unravel the different contributions to the observed rotational dynamics of FA in FAPI, we have performed the same model calculations as for MAPI, as described below.

![(a) Rotation autocorrelation of the dipole direction averaged over 1000 dipoles for FA cations in a flexible lead iodide cage at temperatures ranging from 100 to 350 K. (b) Rotation autocorrelation of the dipole direction averaged over 1000 dipoles for FA cations in a frozen lead iodide cage at temperatures ranging from 100 to 350 K.](jp-2019-027363_0005){#fig5}

###### Rotation-Autocorrelation Decay Time Constants for FA (in picoseconds) Obtained after Fitting the Decay Curves in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} by Using [Eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}[a](#tbl2-fn1){ref-type="table-fn"}

        flexible cage   frozen cage                   
  ----- --------------- --------------- ------------- ---------------
  100   0.05 (0.02)     \>1000 (0.98)   0.05 (0.04)   \>1000 (0.96)
  150   7.14 (0.08)     \>1000 (0.92)   0.04 (0.06)   271.73 (0.94)
  200   5.24 (0.16)     510.27 (0.84)   0.23 (0.14)   45.12 (0.86)
  250   5.21 (0.27)     195.40 (0.73)   0.45 (0.28)   14.21 (0.72)
  300   3.41 (0.40)     52.63 (0.60)    0.31 (0.41)   6.60 (0.59)
  350   0.77 (0.34)     3.62 (0.66)     0.27 (0.54)   2.89 (0.46)

τ~1~ corresponds to the faster decay time, whereas τ~2~ corresponds to the slower decay time constant.

Effect of Cage Deformation {#sec3.6}
--------------------------

The rotation-autocorrelation function for the motion of FA in a fixed Pb--I cage structure is shown as a function of time in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b. This figure and the rotation times in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} show that also for the fixed cage a gradual decrease in the rotation times is observed with increasing temperature. No abrupt changes due to phase transitions are formed. Comparison with [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a shows that cage deformation leads to an overall slower dynamics, as was also the case for MAPI; however, the effect is not as pronounced as for MAPI. Nevertheless, these simulations show that the deformation of the Pb--I cage also plays a significant role in the rotation dynamics in FAPI.

Effect of Dipole--Dipole Interactions {#sec3.7}
-------------------------------------

The effect of the dipole--dipole interactions on the FA alignment in FAPI was again evaluated by comparing the size of the ordered domains formed at various temperatures for the three different simulation types, that is, MC simulations considering only dipole--dipole interactions, molecular dynamics with a frozen Pb--I cages, and fully flexible molecular dynamics simulations. The average domain size for these three cases is plotted as a function of temperature in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

![Average domain size vs temperature for formamidinium dipoles simulated with (a) Monte Carlo only considering dipole--dipole interaction, (b) molecular dynamics with frozen lead iodide cage, and (c) molecular dynamics with flexible lead iodide cage.](jp-2019-027363_0006){#fig6}

In the case of the MC simulations where only dipole--dipole interactions are considered the domain size is unaffected by the temperature in the considered temperature range, implying that the dipole--dipole interactions are not large enough to affect the ion alignments. This is due to the much smaller dipole moment of the FA ion compared to the MA ion. This results in dipole--dipole interactions that are much smaller than *k*~B~*T* at the temperatures considered, and hence the thermal energy is high enough to prevent the formation of domains. This implies that the phase transition in FAPI should not be affected by the dipole--dipole interaction of FA ions.

Interestingly, we observe an increase in domain size with lower temperatures for both molecular dynamics systems. This results in large domains at low temperatures, especially in the case of the frozen cage. As we have excluded the possibility of a dipole--dipole effect, it is likely that this happens due to some interaction between the ion and the cage that causes certain ion alignments to be more prominent than others.

Effect of Specific Interactions between FA and Cage {#sec3.8}
---------------------------------------------------

To further investigate to what extent the FA ions interact with the lead iodide cage, we again look at scatter plots with all dipole directions of the FA ions in a single system, for molecular dynamics simulations with both the frozen and flexible cage. The obtained results at 100, 200, and 350 K can be observed in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}.

![Orientations of all formamidinium dipoles in a single molecular dynamics system given in their polar and azimuthal angle: (a--c) frozen cage at 100, 200, and 350 K and (d--f) flexible cage at 100, 200, and 350 K. The stars in the figures represent the orientations where the dipole is oriented directly toward an iodine.](jp-2019-027363_0007){#fig7}

For both simulations we can already see that the ion alignment is not completely random at high temperatures as there is higher density at certain angles. In both cases these are angles that lead to the dipole of the FA ion pointing in between two iodines. This can be explained through hydrogen bonding between iodine and the hydrogens on the nitrogen molecules. If the dipole points between two iodines, the nitrogens can point toward the iodines, allowing the hydrogen bonds to form. As the temperature is lowered, these alignments become more prominent in both cases.

This high degree of order in the FA orientation at low temperatures explains why large domains were observed for these systems above. If the ion alignments are restricted to only few possible orientations, large domains will be obtained even though the dipole--dipole interactions do not play any role in the alignment. One major difference is visible between the low-temperature simulations for the frozen and flexible cage. For the flexible cage the FA ions align both in the azimuthal plane and perpendicular to it. In the frozen cage simulations the ions however only align in the azimuthal plane.

To gain insight into the time scale of the specific interaction, we have again analyzed the hydrogen bond lifetimes as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. The lifetimes observed for FAPI at low temperature are considerably longer than for MAPI. One may interpret this as an indication of stronger hydrogen bonds; however, the lifetime is affected by all the interactions in the system, including steric hindrance that hampers the rotational motion of FA in the Pb--I cage and the effect due to cage deformation.

Conclusions {#sec4}
===========

It is clear from the simulations presented above that the phase behavior and the rotational dynamics of the organic cation are intricately linked for both MAPI and FAPI. For MAPI a very clear phase transition is observed at which the MA cation becomes immobilized, and at the same time the Pb--I lattice deforms. The phase transition is accompanied by the formation of domains in which the MA dipoles arrange in an ordered, energetically favorable structure. This domain formation is already observed if only the dipole--dipole interactions are taken into account, but the effect becomes much stronger if the cations are embedded in the Pb--I lattice, especially when the lattice is allowed to deform in reaction to the alignment. This points to a mechanism where phase transitions are induced by mutual alignment of the dipoles, by both interactions with neighboring dipole and specific interactions between the MA cations and the Pb--I lattice. This happens in a concerted way with the deformation of the Pb--I lattice, which strengthens this effect and makes the transition from freely rotating dipoles to ordered domains with fixed dipole directions more abrupt at a certain temperature. This importance of the cage flexibility on the MA dynamics is in good agreement with previous experimental and theoretical work.^[@ref37],[@ref38]^

For FAPI a very similar picture emerges; however, in this case the dipole--dipole interactions in the nondipolar FA cation are negligible. Simulations of the dipole dynamics in fixed, cubic Pb--I cage structures show that specific interactions between FA and the Pb and I ions, and between the quadrupolar FA ions, still lead to the formation of ordered domains, even if the Pb--I lattice is not allowed to deform. In the fully flexible MD simulations where full relaxation of the lattice is possible, this effect is strengthened, and domain formation is more abrupt at a certain temperature. As discussed above, the formation of hydrogen-bond-like conformations plays an important role in FAPI, which, combined with increased steric interactions, leads to slower rotation dynamics of FA in FAPI.

We conclude that the phase transitions that occur in hybrid halide perovskites are caused by a complex interplay between dipole--dipole interactions, specific electrostatic and steric interactions between the organic cations and the metal halide lattice, and relaxation of the metal halide cage structure. This leads to large organized domains of organic cations, which can have important consequences for the electronic structures of these materials.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpcc.9b02736](http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.9b02736).All the parameters used for molecular dynamics force field (Tables S1--S6); model validation calculations for both MAPI and FAPI (Figure S1); directional scatter plots for Monte Carlo and both versions of molecular dynamics simulations at all simulated temperatures for MAPI (Figure S2) and FAPI (Figure S3) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b02736/suppl_file/jp9b02736_si_001.pdf))
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